may save fault information, the spare processing time might also be used to extend the relay's operation or for self-diagnostic testing. Abstract-A novel temperature-to-frequency (T/F) converter using a thermistor has been developed. The resistance of the thermistor is converted into its equivalent inductance to form the resonant circuit of the Colpitts oscillator. To linearize the T/F conversion, two resistors, one in series and the other in parallel with the thermistor, are used and their values are determined so that the resultant resistance, and hence the equivalent inductance, is proportional to the square of a temperature in a specified temperature range.
I. INTRODUCTION THE digital process control made possible by the spread 1of microprocessors requires transducers with digital outputs. This is true of a low-cost temperature measuring system using a thermistor. Several methods are available for converting the temperature-sensitive resistance into the digital form [1] , [2] , but the relaxation oscillator which incorporates the thermistor into the frequency determining network is most common [3] - [5] . This type of temperature-to-frequency (T/F) converter features a simple configuration, but its temperature resolution is poor. This is because the oscillation frequency depends not only on the thermistor resistance, but also on the temperature-sensitive transistor parameters. A large power dissipation in the thermistor is another factor which limits the sensitivity [6] .
A tuned sinusoidal oscillator has better frequency stability than a relaxation oscillator. Therefore, a higher temperature resolution can be expected by replacing the relaxation oscillator with such an oscillator. Based on this concept, a new T/F converter was developed. Two methods are available for controlling the oscillation frequency of a tuned oscillator by the thermistor; one is to apply the voltage across the thermistor to the voltage-controlled oscillator. The other is to convert the thermistor resistance to its equivalent inductance to form the resonant circuit of the oscillator. The latter approach is adopted here, because a wider dynamic range seems possible with a simpler configuration.
The impedance converter is described in Section II. The practical T/F converter and the experimental results are presented in Sections III and IV, respectively. The paper concludes in Section V by suggesting its advantages and application.
II. IMPEDANCE CONVERSION The gyrators or generalized immittance converters are well-acknowledged circuits for converting resistance into its equivalent inductance [7] . A transfer function approach, however, is used here for the systematic design of the converter [8] [9] [10] .
A block diagram for synthesizing the impedance converter is shown in Fig. 1 . Here, RT is the thermistor resistance and the active two-port marked T(s) is assumed to have an infinite input impedance and a transfer function T(s)= VW(S) T() V(s), (1) 0018-9456/85/1200-0534$01.00 © 1985 IEEE The input current is
The input impedance of the circuit will be that of an in-
The transfer function T(s) should be
Equation (4) indicates that the converter can be realized by an integrator and a differential amplifier. Based on (4), several circuits have been designed for the impedance conversion [10] . Two of them are shown in Fig. 2(a) and (b) . In these realizations, the operational transconductance amplifier (OTA) forms, in conjunction with the capacitor C, the integrator while the op amp (OA) forms the differential amplifier. The amplifier marked B is a unity-gain buffer with high-input and low-output imped- 
where g is the transconductance of the FET. Usually r.,1 is so small that the terms including it can be neglected. Then, (7) and (8) 
where gm is the transconductance of the OTA. Since g,, is
proportional to the bias current of the OTA, the simulated inductance Leq is electrically variable. The grounded capacitor configuration in Fig. 2(a) is less sensitive to par- 
The thermistor resistance RT at T°K can be expressed as RT = RTO * exp BT --) (12) where RTO is the thermistor resistance at the reference temperature TO'K and B is a constant depending on the thermistor material. Substituting (12) into (9) 
The term in the brackets in (13) represents the resultant resistance of the thermistor-resistor network. Linearization of the frequency fo(T) against T can be accomplished by selecting R5 and RP so that the resultant resistance is porportional to the square of the temperature in the specified range. The least square method using a computer may be the best choice for determining the optimum values of R5 and RP. The oscillation frequency at a given temperature can be adjusted independently as desired by the bias current, and hence by the transconductance g,, of the OTA.
IV. EXPERIMENTAL RESULTS
A prototype T/F converter was built using 741 OA's and LM 13600 OTA. The OTA was biased so that its transconductance g, is 0.1 mS. The resistance and the B constant of the thermistor used were 134.3 kg at 293"K and 3290, respectively. For these thermistor parameters and the temperature range from 253°K to 3330K, the optimum values of R5 and RP were found to be 51 kg and 1 MQl, respectively. The other circuit elements were: C = C, = C2 = 1 nF, RI = R2 = 10 kQl, Rf = 24 kg, R,, = 1.6 kg, and RDD = 2 kQ. Fig. 4(a) and (b) show the typical oscillation waveform and its spectrum. A sinusoidal waveform with low harmonic distortion can be seen. The relation between frequency and temperature was measured in the specified range. The result is plotted in Fig. 5 , indicating that the conversion sensitivity is 59 Hz/°K and the linearity error is less than 2.85 percent. This sensitivity is 1.5 to 6 times higher than those of the T/F converters reported so far [1] , [2] .
The frequency stability of the oscillator itself was also measured by replacing the thermistor with a fixed resistor. The value of a fixed resistor was then so chosen that the oscillation frequency range agreed with that of the T/F converter. The result is shown in Fig. 6 . The stability is found to be 10-3/ K, which is 2 times worse than that of a conventional Colpitts oscillator. When the OA was used in place of the OTA to form the integrator in the impedance converter, frequency stability comparable to that of a conventional Colpitts oscillator was obtained. Therefore, the poor stability of the present circuit was attributed to the variation of the transconductance gm of the OTA.
The frequency drift of the oscillator itself was also measured by operating it for a few hours at a constant temperature. The measured drift was +0.5 Hz. Thus the minimum detectable temperature variation of the converter can be estimated to be + 8.5 x 10 -'K.
The power dissipation in the thermistor was 28 ,uW at 2730K and 23 ,uW at 3230K. Since the internal power dissipation is quite small, the self-heating problem in the thermistor is eliminated.
V. CONCLUSIONS
A new T/F converter based on the inductance simulation was described. It features very high temperature resolution and small power dissipation in the thermistor. Furthermore, the whole circuit, except for the thermistor, can be fabricated in a monolithic IC form by scaling the component values. As a low-cost and precise temperature measuring device, the proposed converter can be applied to chemical process controllers, air conditioners, refrigerators, and even to conventional and clinical thermometers. Because of the sinusoidal output, remote sensing is also possible.
I. INTRODUCTION
THE spectrum amplitude S( f ) of a time-domain signal 1 (waveform) x(t) is defined as [1] S(f) = 2 IX(j27rf)I (1) where X(j27rf ) is the Fourier transform of x(t): 00 X(j27rf) = i x(t) exp (-j2rft) To be Fourier transformable, x(t) must satisfy the Dirichlet conditions [2] . These conditions require that x(t) be single valued, have only a finite number of maxima and minima in any finite time interval, have only a finite number of finite discontinuities, and satisfy the inequality x(t)I dt < 00. (3) The actual time function x(t) corresponding to any physical signal satisfies these conditions. However, in some cases, modifications to a physical signal prior to processing may be necessary, and such modifications may yield a time function which does not satisfy the above conditions. In these cases, most likely, only the inequality condition will be violated. The case of the step-like waveform, which is the subject of this paper, is one of these cases.
A step-like waveform is a time function which involves a transition between two unequal steady states (see Fig.  1 ). In Fig. 1, x(t) switches between the levels X1 and X2 during the interval T1 < t < T2, and is equal to XI for 0018-9456/85/1200-0537$01.00 © 1985 IEEE 00 O00
